Introduction
============

Atherosclerosis is a systemic inflammatory disease characterized in the early stages by a disrupture of the endothelium's integrity resulting in endothelial dysfunction and atherosclerotic lesion formation. The effective restoration of the endothelium after endothelial cell (EC) damage is pivotal in order to prevent atherosclerotic lesion formation. It has been previously demonstrated that apoptotic EC can be in part regenerated by the adjacent ECs but also by circulating bone marrow (BM)-derived endothelial progenitor cells (EPC) \[[@b1]--[@b6]\]. In a steady-state condition, equilibrium exists between EC apoptosis and EC regeneration. However, in conditions of severe EC damage, *e.g.* in the presence of cardiovascular risk factors, EC apoptosis overwhelms the regenerative potential and a disruptured endothelium is no longer restored \[[@b7], [@b8]\]. Furthermore, numerous studies have demonstrated that cardiovascular risk factors have detrimental effects on the regenerative system itself \[[@b9]--[@b12]\]. Functional properties and absolute numbers of EPC are severely impaired in patients suffering from cardiovascular diseases \[[@b12], [@b13]\].

Strengthening of the organisms regenerative potential, *e.g.* by enhancing the number and function of circulating EPC by physical activity, drug treatment or hormone replacement therapy, enhances EC repair after focal EC damage and improves endothelial dysfunction \[[@b14]--[@b17]\]. Interestingly, enhanced regenerative capacity translates into improved survival. In patients with coronary artery disease, the number and function of circulating EPC are an important cellular risk predictor for cardiovascular mortality and morbidity \[[@b18], [@b19]\].

High-density lipoprotein (HDL) levels inversely correlate with cardiovascular events and seem to have important vasculoprotective effects \[[@b20]\]. Individuals with elevated HDL plasma levels are less susceptible for the development of endothelial dysfunction and atherosclerosis \[[@b21]\]. In contrast, low HDL levels predict an increased incidence of myocardial infarction \[[@b22]\]. A recently published study demonstrates the highly predictive value of HDL-cholesterol independent of low-density lipoprotein (LDL) cholesterol for cardiovascular events \[[@b20]\]. However, the mechanisms by which HDL exerts atheroprotection are multiple but poorly understood \[[@b23]\]. HDL facilitates the reverse cholesterol transport and delivers cholesterol from the vasculature to the liver for excretion from the body. HDL leads to the reduction of vascular oxidative stress, which may contribute to the atheroprotective effects of HDL. In addition, anti-inflammatory and anti-apoptotic effects of HDL on EC have been attributed. First studies in mice and human beings indicate that HDL treatment also influences EPC numbers \[[@b24]--[@b27]\]. The accumulation of these cellular and molecular effects is probably responsible for the beneficial effects of HDL on the vascula-ture. However, clinical studies have shown that elevation of HDL via systemic infusion or pharmacological intervention is not necessarily associated with improved vessel function \[[@b28]--[@b30]\]. The underlying reasons remain unclear.

Because HDL has a beneficial effect on the endothelium, we reasoned that HDL mediates its atheroprotective effects in parts *via* modulation of EC and EPC function.

Materials and methods
=====================

Isolation of high-density lipoprotein
-------------------------------------

HDL (density, 1.063--1.21 g/ml) was isolated from the plasma of normo-cholesterolemic individuals (serum cholesterol \< 6.2 mmol/l) or from samples of expired human plasma by ultracentrifugation accordingto the method described by Redgrave *et al.*\[[@b31]\] The HDL fraction was dialysed against 0.15 M NaCl, 0.34 mM ethylenediaminetetraacetic acid, pH 7.4. HDL was stored at 4°C and used within 1 week. No changes in activity were observed during this time period. Quantification of HDL was performed according to standard laboratory methods (automated HDL cholesterol flex method for the Dimension clinical chemistry system, AHDL Dimension, Sciences Healthcare Diagnostics, Hamburg, Germany).

Cell culture
------------

Human coronary artery endothelial cells (HCAEC) were grown in a 5% CO~2~ atmosphere at 37°C and maintained in EGM 2 MV basal medium (PromoCell, Heidelberg, Germany) with EC growth supplements as recommended by the supplier. Growth factor deprivation was induced by changing the media to EGM 2 MV without supplements.

Preparation of mononuclear cells
--------------------------------

Mononuclear cells (MNC) were isolated from 20 ml sodium citrate buffered blood or buffy coats from normocholesterolemic individuals using a Ficoll density gradient (Biocoll Separating Solution; Biochrom AG, Berlin, Germany) according to standard protocols. For mouse MNC, spleens were explanted, mechanically minced and MNC were isolated using a Ficoll gradient (Lympholite-M, Cedarlane, Burlington, Canada).

Early outgrowth EPC
-------------------

A total of 2 × 10^6^ human or spleen-derived MNC were seeded on fibronectin (Sigma, Steinheim, Germany) coated 24-well plates in 1.0 ml endothelial basal medium-2 (Lonza, Cologne, Germany) with supplements as previously described \[[@b3], [@b5], [@b15]\]. Cells were incubated with 100--1000 μg/ml HDL or vehicle for 7 days starting at day 0. After 7 days in culture, cells were extensively washed with normal saline and resuspended. Adherent cells were incubated with 2.4 μg/ml 1,1′-dioctadecyl-3,3,3′,3′-tertamethylindocarbocyanine-labeled acetylated LDL (DiI-Ac-LDL, CellSystems, St. Katharinen, Germany) and stained with FITC-labelled *Ulex europaeus* agglutinin I (lectin, 10 μg/ml; Sigma) for human early outgrowth EPC, and FITC-labelled *Giffonia* (*bandeiraea*) simpliciforia lectin I (lectin, 10 μg/ml; Vector Laboratories) for mouse EPC. Morphological characteristics of early outgrowth EPC were assessed using DiI-Ac-LDL positive cells. Cells were evaluated concerning their morphological phenotype (spindle shaped *versus* rounded cells) and were counted by a blinded observer.

Colony forming units-endothelial cells/hill
-------------------------------------------

For colony forming units-endothelial cells (CFU-EC, also called CFU-Hill), 5 × 10^6^ human MNC were sub-cultured for 48 hrs. A total of 1 × 10^6^ cells derived from the supernatant were cultured for additional 7 days in endothelial basal medium with a change of medium every second day. Cells were incubated with 100--1000 μg/ml HDL or vehicle for 9 days starting at day 0. The numbers of colonies were manually counted by a blinded observer. The number of mouse CFU-EC was determined accordingly using 5 × 10^6^ spleen-derived MNC.

RT-PCR
------

The mRNA of early outgrowth EPC was extracted using peqGOLD RNAPure Reagent (peqlab). RT was carried out for 1 hr at 42°C on 1 μg of RNA using p(dN6)-oligonucleotide random primers (Roche, Mannheim, Germany) and MMLV RT (Invitrogen, Karlsruhe, Germany). For PCR amplification, 2 μg of the produced single stranded cDNA was amplified by PCR with Taq DNA-polymerase (Boehringer, Mannheim, Germany) for 35 cycles, using the following cycles: 94°C for 3 min., 94°C for 1 min., 58°C for 1 min. and 72°C for 3 min. for 35 cycles. Human primers for endothelial nitric oxide synthase (eNOS) were 5′-GACATTTTCGGGCTCACGCTG-3′ (forward) and 5′-TTGGGTAGGCAGTTTAGTTCTC-3′ (reverse). For GAPDH the primers were 5′-CCT GGA CCA CCC AGC CAG CAA-3′ (forward) and 5′-TGT TAT GGG GTC TGG GAT A-3′ (reverse). For quantification, eNOS mRNA abundance was normalized to the abundance of the housekeeping gene GAPDH.

Western blot
------------

Total cell lysates and proteins were prepared according to standard procedures. Immunoblotting was performed with a purified eNOS Type III monoclonal antibody (1:400 dilution; BD Biosciences, Heidelberg, Germany), goat antimouse secondary antibody (1:400 dilution Sigma), and the Western blotting detection system (Amersham, Freiburg, Germany).

Proliferation
-------------

Proliferation was measured using cell counting (DiLDL/lectin positive cells) and BrdU incorporation as previously described \[[@b32]\]. Briefly, EPC were incubated with 100--1000 μg/ml HDL or vehicle for 24 hrs. At days 7 and 14, cells were stained for Di-Ac-LDL and lectin for cell counting or incubated with 10 μM BrdU (Beckton Dickinson, Heidelberg, Germany). Cells were fixed and stained with anti-BrdU monoclonal antibody (Beckton Dickinson). Cells were stained with 20 μg/ml propidium iodide (PI) in the presence of 100 μg/ml DNase-free RNase A (Roche). Measurements were performed with an FACS Calibur and analysed with CellQuestPro software (Becton Dickinson). Cell doublets were discriminated from G2 cells based on the difference in pulse shape. At least 20,000 cells were analysed per sample.

Apoptosis
---------

Apoptosis was induced using 500 U/ml tumour necrosis factor (TNF)-α and incubated with 500 μg/ml HDL or vehicle for 7 days. Cells were cytocentrifuged (100 ×*g*, 8 min.) and fixed in 1% paraformaldehyde in phosphate-buffered salt solution. Cells were incubated in 50 μl of terminal of deoxynucleotidyl transferase reaction buffer (Roche) and 8 μl 5-Bromo-2-deoxyuridine-5-triphosphate (Sigma-Aldrich, Steinheim, Germany). Cells were incubated for 60 min. at 37°C and post-incubated with the anti-BrdU mononuclear antibody for 60 min. at 37°C. DNA was counterstained with 25 μg/ml PI (Sigma-Aldrich) in the presence of 100 μg/ml DNase-free RNase (Roche). The BrdU-labelled apoptotic cells were identified on the two-parameter histogram (anti-BrdU *versus* PI). At least 20,000 cells were analysed per sample. As a confirmatory method to measure apoptosis, cultured cells were centrifuged and resuspended in binding buffer, pH 7.4, containing 10 mM Hepes (Sigma), 140 mM NaCl and 2.5 mM CaCl~2~. Five microlitres FITC-annexin V (BD Biosciences) was added to 1 × 10^5^ cells. The cells were placed at room temperature in the dark for 20 min., rinsed in binding buffer, resuspended in 1 ml of 1% formaldehyde binding buffer for 30 min. on ice, rinsed twice, resuspended in 0.5 ml of PI solution containing 50 μg/ml PI, placed at room temperature for 45 min. in the dark, and analysed by flow cytometry.

Matrigel pseudo-tube formation assay
------------------------------------

Ten microlitres Matrigel (BD Biosciences) was applied to a 4-mm culture dish (Ibidi, Martinsreid, Germany) and incubated at 37°C to induce gelling. Four-day cultured EPC were seeded at a density of 4 × 10^5^ cells/ml/well in EMB-2 medium plus supplements in the presence of HDL or vehicle. The morphology and reorganization of EPC were monitored using a phase-contrast optical microscope (Zeiss, Jena, Germany). Within 1 day of culture, elongated processes were observed and after 2 days the cell cultures showed networks of branching and anastomosing cord of cells. Analyses evaluating pseudo-tube formation length was performed on day 2 with the use of AxioVision version 4.5.0 software.

Static adhesion
---------------

A total of 2 × 10^5^ HCAEC per millilitre were cultured for 3 days in 96-well tissue culture plates. Cultured EPC were added to the wells and co-cultured for 2 hrs. Unattached cells were gently washed away with phosphate-buffered solution. The attached cells were then fixed for 30 min. with 1% formaldehyde at room temperature and stained with methylene blue according standard protocols. The relative number of adherent cells was calculated by lysing the stained cells with 50% ethanol and 50% hydrochloric acid, and then reading the absorbance at 620 nm on a microplate autoreader. The percentage of cells adhering to the plate was determined based on the linear relationship between the absorbance reading and the number of cells counted in a haemocytometer.

Flow-mediated adhesion/transmigration
-------------------------------------

EPC adhesion experiments were performed in a parallel-plate flow chamber (μ-slide VI ibitreat, Ibidi) mounted on the stage of a phase-contrast optical microscope (Zeiss) with a 10× objective. A syringe pump (TSE) was used to simulate a uniform laminar flow field in the flow chamber. Confluent HCAEC monolayers grown on 17-mm length, 3.8-mm width flow chambers were stimulated with IFN-γ 10 ng/ml (final concentration) for 72 hrs. TNF-α (100 U/ml) was added to the culture medium 16 hrs before the experiments. The culture medium was changed daily. Treatment with interferon-γ (IFN-γ) caused a characteristic elongation of the ECs and with the addition of TNF-α resulted in an up-regulation of intercellular adhesion molecule-1 (data not shown). Cultured EPC circulated through the chamber at a constant rate of 0.7 ml/min. (estimated shear stress, 1.0 dynes/cm^2^). EPC adhesion and transmigration were determined after 5 min. of perfusion by analysis of three to five high-power fields (×10). Transmigrated EPC were determined as being beneath the endothelial monolayer, *i.e.* in a different plane of focus, distinct from both adherent EPC and the endothelium.

HDL treatment
-------------

Male, 12-week-old C57BL/6J mice (wild-type) were used and treated with 40 mg/kg/day recombinant HDL (rHDL; CSL-111, CSL Behring AG, Bern, Switzerland) or placebo intravenously 24 hrs before, at the day and 24 hrs after carotid artery denudation.

Carotid artery denudation
-------------------------

Carotid artery injury was induced as described previously \[[@b33]\]. Briefly, the mice were anaesthetized with 150 mg/kg body weight ketamine hydrochloride (ketanest®, Pharmacia, Erlangen, Germany) and 0.1 mg/kg body weight xylazine hydrochloride (rompun® 2%, Bayer, Leverkusen, Germany). The common carotid artery was exposed and submitted to an electric injury starting at the level of the bifurcation and continuing to the proximal part of the artery (in total 4 mm denudation). The denuded area was determined at day 5 after surgery after intravenous injection of 50 μl Evans blue in an *en face* preparation of the vessel. Evans blue stained denuded areas and the complete vessel area were measured using AxioVision version 4.5.0 software. The percentage of denudation 5 days after injury is provided.

Flow cytometry
--------------

Flow cytometry to enumerate EPC numbers in mice and human beings was performed as recently described by our group \[[@b15], [@b19]\] and in accordance with the current standards for EPC enumeration using flow cytometry for human cells \[[@b34]\]. Mouse blood was analysed as described previously. The viable lymphocyte population was analysed for Sca-1-FITC (Becton Dickinson) and Flk-1-PE (Becton Dickinson). Isotype-identical antibodies served as controls in every experiment (Becton Dickinson).

Ficoll-concentrated MNCs were used for analysis of human EPC. Blood samples were processed with the fluorescent-conjugated antibodies CD34-FITC (Becton-Dickinson), KDR and CD133-PE (Miltenyi, Bergisch, Gladbach). For identification of KDR positive cells, indirect immunolabelling was performed with a biotinylated goat mononuclear antibody against the extracellular domain of human KDR (R&D Systems, Minneapolis, MN, USA). In pilot experiments, no significant differences in EPC numbers were observed using additional viability markers (PI, 7-AAD). IgG2~a~-FITC and IgG2a-PE (Pharmingen, San Diego, CA, USA) served as negative controls. Cell fluorescence was measured immediately after staining using a FACS Calibur instrument (Becton Dickinson). Data were analysed using Cellquest software (Becton Dickinson). Units of all measured components are absolute cell counts obtained after measuring of 20,000 events in a pre-specified lymphocyte gate during FACS analysis.

Study subjects
--------------

Between March 2003 and January 2004, consecutive patients who underwent a coronary angiography were screened for inclusion into the EPCAD (endothelial progenitor cells in coronary artery disease) study. Informed consent was obtained from all patients and the study protocol was approved by the ethical committee of the University of Saarland. Patient enrolment and patient characteristics have been described in detail previously \[[@b19]\]. In a pre-specified analysis, HDL cholesterol was determined in patients not on lipid-modifying drugs and correlated with the number of circulating EPC.

Statistical analysis
--------------------

Data are presented as mean ± standard error of mean (S.E.M.). Statistical analysis was performed with unpaired Student's t-test and the anova test followed by the Neuman--Keuls post-hoc analysis. *P* \< 0.05 indicates statistical significance.

The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.

Results
=======

HDL isolation
-------------

HDL was isolated from young healthy individuals according to standard procedures. Purity of HDL was checked and the AHDL cholesterol flex method for the Dimension clinical chemistry system was used to quantitatively measure HDL cholesterol. A mean concentration of 65.3 ± 8.1 mg/dl HDL with no detectable LDL contamination was achieved.

HDL enhances differentiation of mononuclear cells into early outgrowth EPC
--------------------------------------------------------------------------

Differentiation of human MNC into EPC-like DiLDL/lectin positive cells *in vitro* was determined after incubation with HDL (100--1000 μg/ml) or vehicle for 7 days. The number of DiLDL/lectin positive early outgrowth EPC was significantly enhanced compared to vehicle-treated cells (137.74 ± 4 *versus* 100 ± 8.14; *P* \< 0.01; Fig. [1](#fig01){ref-type="fig"}). Furthermore, morphological characteristics differed between HDL- and vehicle-treated cells with HDL inducing a characteristic spindle-type phenotype of early outgrowth EPC after 7 days (*P* \< 0.01; Fig. [1](#fig01){ref-type="fig"}). RT-PCR analysis revealed a significant increase in eNOS mRNA abundance after HDL treatment compared to vehicle- treated cells indicating a more mature phenotype of cells after HDL incubation (*P* \< 0.05; Fig. [2A](#fig02){ref-type="fig"}). Western blot experiments confirmed a trend towards an increase in eNOS protein abundance after HDL treatment (*P*= n.s.; Fig. [2B](#fig02){ref-type="fig"}).

![Number of Dil-Ac-LDL and lectin positive early outgrowth endothelial progenitor cells (EPC) after high-density lipoprotein (HDL) incubation. Mononuclear cells were isolated and cultured in supplemented endothelial basal medium in the presence of HDL (A) or vehicle (B). After 7 days, Dil-Ac-LDL and lectin positive early outgrowth EPC were increased after HDL incubation (C). HDL induces a change in the phenotype of cultivated early outgrowth EPC into a more mature, spindle-shaped morphology (D, E, F). *n*= 3; \*\**P* \< 0.01. hpf, high-power field.](jcmm0013-4623-f1){#fig01}

![eNOS mRNA and protein abundance in endothelial progenitor cells (EPC) after high-density lipoprotein (HDL) treatment. Early outgrowth EPC were treated with HDL or vehicle. HDL increased eNOS mRNA abundance (\**P* \< 0.05) (A) and protein expression (*P*= n.s.) (B) compared to vehicle.](jcmm0013-4623-f2){#fig02}

HDL inhibits apoptosis of early outgrowth EPC and influences proliferation capacity of EPC after extended cell cultivation
--------------------------------------------------------------------------------------------------------------------------

To determine whether HDL protects EPC from apoptosis, the cells were exposed to medium with increasing concentrations of HDL (100--1000 μg/ml for up to 7 days). The minimal concentration that induced reproducible protection assessed using a flow cytometry based TUNEL assay was used for subsequent experiments. A 7-day HDL treatment regimen was associated with a nearly 50% reduction in TUNEL positive cells compared with vehicle alone (*P* \< 0.01, Fig. [3A](#fig03){ref-type="fig"}). HDL induced a decrease in TUNEL expression in all phases of the cell cycle but in particularly G1-Phase (data not shown). Additional apoptosis experiments revealed that the number of annexin V positive cells was similarly reduced in HDL compared to vehicle-treated EPC (*P* \< 0.01, Fig. [3B](#fig03){ref-type="fig"}). At HDL concentrations of 100--1000 μg/ml there was no significant increase or decrease in the total number of proliferating EPC progenitors at 7 days (data not shown). Analysis of the cell cycle, based on measurements of DNA content, indicated that nearly all cells were in G0/1 phase of the cell cycle and only approximately 0.2% of the cells were in S phase. However, when looking at EPC after extended cell cultivation (day 14), HDL was able to increase proliferation of cells by twofold compared to vehicle (*P* \< 0.001; Fig. [4](#fig04){ref-type="fig"}).

###### 

Percentage of apoptotic endothelial progenitor cells (EPC) after incubation with high-density lipoprotein (HDL). EPC were cultured in the presence or absence of HDL. (A) Based on differences in propidium iodide (PI) intensity, cells were subdivided into cell cycle phase G1, S, G2. The presence of DNA strand breaks in TUNEL assay was decreased in all phases of cell cycle but in particularly in G1 cells after HDL treatment. The dashed line represents the upper threshold of TUNEL fluorescence intensity for 99% of the control cells. (B) Analysis of phosphatidylserine exposure of human EPC cultured in the presence of HDL or vehicle. Flow cytometric dot-plot analysis of PI (abscissa) and annexin V (ordinate) double-stained EPC. Annexin V positive cells were enumerated within the right upper quadrant. *n*= 4; \*\**P* \< 0.01.
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![Proliferation of endothelial progenitor cells (EPC) based on measurements of DNA content. EPC were cultured in the presence or absence of high-density lipoprotein (HDL). Based on differences in propidium iodide intensity, cells were subdivided into cell cycle phase G1, S, G2. HDL was able to twofold increase proliferation of EPC after 14 days compared to vehicle. The dashed line represents the upper threshold of BrdU fluorescence intensity for 99% of the control cells. *n*= 3; \*\*\**P* \< 0.001.](jcmm0013-4623-f4){#fig04}

HDL influences adhesion of EPC *in vitro*
-----------------------------------------

HDL adhesion was assessed using a static adhesion model and an *in vitro* flow chamber model. EPC incubated with HDL (100--1000 μg/ml) showed a significantly increased adhesion to stimulated HCAEC compared to vehicle-treated EPC as assessed by measuring the optical density of lysed cells after static adhesion (*P* \< 0.01; Fig. [5A](#fig05){ref-type="fig"}). Flow chamber experiments revealed a significantly enhanced adhesion process of HDL pre-incubated EPC on activated HCAEC compared to vehicle-treated EPC after 5 days in culture. In paired experiments at 1.0 dyn/cm^2^ laminar wall shear stress, 179 ± 19.9 (mean ± S.E.M.) early outgrowth EPC pre-incubated with HDL showed rolling, tethering, and firm adhesion to HCAEC after 2 min. compared to 99 ± 9.8 control (*P* \< 0.001; Fig. [5B](#fig05){ref-type="fig"}). In contrast, HDL pre-treatment of HCAEC significantly prevented adhesion of monocytes (data not shown). In an effort to determine whether HDL influences the expression profile of adhesion molecules, we determined the expression of CD18 (β~2~-integrin), CD49d (α~4~-integrin) and CD99 on EPC after HDL or vehicle treatment and their relevance in the adhesion process. Flow cytometry showed a significant increase in CD133^+^/CD18^+^ and CD133^+^/CD49d^+^ but not CD133^+^/CD99^+^ EPC after HDL incubation compared to vehicle (213 ± 14 *versus* 100 ± 14.8%, *P* \< 0.001; 152 ± 6.44 *versus* 100 ± 4.55, *P* \< 0.01; 250 ± 69.6 *versus* 100 ± 24, *P*= 0.06, respectively). Therefore, we exposed EPC in paired experiments to anti-CD18 antibody in concentrations previously shown to block EPC adhesion \[[@b35]\]. A total of 30 ± 6.4 cells adhered in the presence of anti-CD18 compared to 100 ± 11.0 cells in isotype-blocked EPC (*P* \< 0.01; Fig. [5C](#fig05){ref-type="fig"}). The majority of the positive events after EPC pre-incubation with anti-CD18 were due to rolling. Firm adhesion with subsequent transmigration was not observed. Blocking of the CD49d binding sites lead to a non-significant reduction of EPC adhesion (*P*= 0.3).

![Effect of high-density lipoprotein (HDL) on endothelial progenitor cells (EPC) adhesion to human coronary artery endothelial cells (HCAEC) in a static and flow-mediated adhesion model. EPC were pre-incubated with HDL before adhesion to stimulated HCAEC was determined. (A) Optical density readings of the lysed cells indicated that HDL pre-incubation increased EPC adhesion in a static adhesion model. For control, EPC adhesion to unstimulated HCAEC was determined. (B) EPC adhesion was determined at 1.0 dyn/cm^2^ laminar wall shear stress after 2 min. HDL pre-incubated EPC showed increased rolling, tethering, and firm adhesion to HCAEC compared to control. (C) EPC were exposed to anti-CD18 antibody or isotype control. Blockade of CD18 was associated with an inhibition of HDL-enhanced EPC adhesion. *n*= 3--5; \*\**P* \< 0.01; \*\*\**P* \< 0.001.](jcmm0013-4623-f5){#fig05}

HDL improves the migratory capacity of early outgrowth EPC
----------------------------------------------------------

Enhancing the migratory capacity of EPC is pivotal for an effective EC repair. Early outgrowth EPC incubated with HDL showed a significant better trans-endothelial migration compared to vehicle-treated cells. HDL treatment was associated with an increase in transmigrated events compared to the control group (absolute 108 ± 17.5 *versus* 52 ± 10.5; *P* \< 0.05, Fig. [6](#fig06){ref-type="fig"}).

![Transmigration of EPC after HDL pre-incubation. Early outgrowth EPC incubated with HDL showed a significant better trans-endothelial migration under flow conditions compared to vehicle-treated cells. *n*= 5; \**P* \< 0.05.](jcmm0013-4623-f6){#fig06}

HDL improves EPC-mediated pseudo-tube formation
-----------------------------------------------

Cultured EPC were subjected to a pseudo-tube formation assay in the presence or absence of 500 μg/ml HDL. After 2 days the cell cultures showed networks of branching and anastomosing cord of cells. Analyses evaluating pseudo-tube formation length demonstrated that HDL treatment was associated with increased pseudo-tube length (13.0 ± 0.7 mm *versus* 8.36 ± 0.06 mm, *P* \< 0.05, Fig. [7](#fig07){ref-type="fig"}).

![Pseudo-tube formation after high-density lipoprotein (HDL) treatment. Endothelial progenitor cells were plated on a thin layer of matrigel and allowed to settle for 48 hrs under stimulation with HDL or vehicle. After 2 days, analyses evaluating pseudo-tube formation length demonstrated that HDL treatment was associated with increased pseudo-tube length (13.0 ± 0.7 mm *versus* 8.36 ± 0.06 mm. *n*= 3; \**P* \< 0.05).](jcmm0013-4623-f7){#fig07}

Recombinant HDL increases circulating EPC and enhances re-endothelialization
----------------------------------------------------------------------------

Treatment of wild-type mice with 40 mg/kg/day rHDL resulted in a significant increase in HDL levels (36.6 ± 1.5 mg/dl to 39.3 ± 2.2 mg/dl, *P* \< 0.05) while LDL levels were unaffected (8.2 ± 0.7 and 8.3 ± 1.5, respectively). A total of 40 mg/kg/day rHDL or placebo was intravenously injected before and on two consecutive days after EC denudation. HDL treatment increased the number of circulating Sca1/flk1 positive EPC as determined by flow cytometry compared to vehicle-treated mice (*P*= 0.001; *n*= 6 for each group; Fig. [8](#fig08){ref-type="fig"}). The effects of rHDL on the growth of spleen-derived EPC-CFU are shown in Fig. [8](#fig08){ref-type="fig"}. rHDL caused an increase (*P* \< 0.05) in the number of colonies per power field, when colonies \>20 cells were considered. Morphometric analysis of carotid arteries revealed an enhanced re-endothelialization process in rHDL-treated mice compared to placebo-treated mice (*P* \< 0.05; Fig. [9](#fig09){ref-type="fig"}).

![Recombinant HDL (rHDL) influences circulating endothelial progenitor cells and colony forming units-endothelial cells. Treatment of wild-type mice with 40 mg/kg/day rHDL or placebo i.v. resulted in a significantly increased number of circulating Sca1/flk1 positive EPC compared to vehicle-treated mice (A, flow cytometry). rHDL caused an increase in the number of colonies per high-power field (hpf) (B). *n*= 6 for each group; \**P* \< 0.05; \*\*\**P*= 0.001.](jcmm0013-4623-f8){#fig08}

![Morphometric analysis of endothelial cell denudation 5 days after perielectric injury of the common carotid artery. Treatment of wild-type mice with 40 mg/kg/day recombinant HDL (rHDL) or placebo i.v. resulted in an enhanced re-endothelialization process in rHDL-treated mice compared to placebo-treated mice. *n*= 6 for each group; \**P* \< 0.05.](jcmm0013-4623-f9){#fig09}

HDL correlates with the number of circulating EPC in human beings with coronary artery disease
----------------------------------------------------------------------------------------------

In 116 patients without lipid-lowering or lipid-modifying drugs and established coronary artery disease, HDL concentrations were determined. HDL cholesterol significantly correlated with the number of circulating CD34/KDR positive EPC (*P* \< 0.001, *r*= 0.390, Fig. [10](#fig10){ref-type="fig"}). CD133 positive circulating EPC, CD117 positive haematopoietic progenitors, and CFU-EC/Hill did not correlate with HDL concentrations.

![High-density lipoprotein (HDL) concentrations and circulating endothelial progenitor cells in human beings with coronary artery disease. HDL cholesterol correlates with the number of circulating CD34/KDR positive EPC (*P* \< 0.001, *r*= 0.390).](jcmm0013-4623-f10){#fig10}

Discussion
==========

Patients with elevated HDL cholesterol plasma levels are less susceptible for the development of endothelial dysfunction and atherosclerosis \[[@b21]\] and suffer significantly less from cardiovascular events \[[@b20]\]. Circulating EPC have been shown to contribute to EC repair, restoration of endothelial function, and are an important predictor for cardiovascular events. Here we give evidence that the functional properties of endothelium-regenerating EPC are influenced by HDL cholesterol resulting in an improvement in functional capacity and enhanced regeneration after endothelial injury.

EC repair by endogenous circulating EPC requires effective mobilization of cells into peripheral blood, firm adhesion at the injury site, and proliferation, migration and differentiation of progenitor cells into mature EC. Various factors including cytokines, chemokines, integrins, and possibly inflammatory cells are involved in this complex, multi-step process. Firm adhesion of EPC on the vascular wall is an integrin-dependent pathway. Involved integrins on leucocytes include α~4~- and β~2~-, which mediate cellular binding to VCAM-1/-2 and intercellular adhesion molecules expressed on ECs. Previous studies indicated that these adhesion markers play a pivotal role in the adhesion and homing of leucocytes but also EPC to ischaemic tissue \[[@b36]--[@b38]\]. We could demonstrate that cell surface expression of CD18 (integrin β~2~-, MAC-1, LFA1) on EPC is influenced by HDL incubation. In addition, CD49d (integrin α~4~) was up-regulated in EPC after HDL incubation. Inhibition of β~2~- but not α~4~-integrin using blocking antibodies resulted in the abrogation of HDL-mediated improved EPC adhesion. This observation is of special interest since β~2~-integrin is involved in the recruitment, homing and engraftment of EPC within ischaemic myocardium \[[@b35]\]. Surprisingly, blockade of integrin α~4~, which has previously described to play a pivotal role in engraftment and stem cell maintenance within the BM, did not result in an inhibition of EPC adhesion. This observation is in line with the recently published data describing that the functional disruption of α~4~-integrin results in an effective mobilization of BM-derived haematopoietic progenitor cells as well as EPC without impairing the homing of such cells within ischaemic tissue \[[@b39]\]. BM-derived EPC from α~4~-integrin deficient mice incorporated into the neovasculature within ischaemic tissue in the same way than control cells. Various explanations may account for this observation: α~4~-integrin may be dispensable for progenitor cell homing or, more likely, plays a redundant role in EPC homing, which is supported by the findings that α~6~- and β~1~-integrins in addition to β~2~-integrins are involved in EPC adhesion in a comparable manner \[[@b40], [@b41]\].

The proliferation capacity of cultured, blood-derived EPC is restricted and is the focus of ongoing debate \[[@b42]\]. Here we could demonstrate that HDL induces a moderate increase in cell proliferation in long-term cultured early outgrowth colonies. However, the observed effect was low and the significance of these findings for the *in vivo* situation is undetermined. In contrast, HDL was able to significantly inhibit EPC apoptosis. The micro-milieu within an atherosclerotic plaque or lesion site is highly pro-apoptotic. Survival of regenerating cells within such a micro-milieu is pivotal for an effective EC repair. EPC have been previously shown to have effective mechanism for coping with oxidative stress and pro-apoptotic triggers \[[@b43]\]. The expression of the intracellular antioxidative enzymes (*e.g.* catalase, glutathione peroxidase and manganese superoxide dismutase), is significantly higher in EPC compared to EC. The presence of HDL seems to be further protective against EPC apoptosis in addition to its known anti-apoptotic effect on mature EC.

Migratory capacity of EPC has been significantly improved after HDL incubation. *In vitro* cultured EPC incubated with HDL showed a significantly improved trans-endothelial migration compared to vehicle-treated cells. Recently, similar results were demonstrated for EC \[[@b44]\]. HDL stimulated EC migration *in vitro via* scavenger receptor B type I (SR-BI)-mediated activation of Rac GTPase and carotid artery re-endothelialization was blunted in apolipoprotein A-I^−/−^ mice and SR-BI^−/−^ mice. The results demonstrate that HDL not only exerts its positive effects regarding migration on mature cells but also on regenerating circulating progenitor cells.

Proliferation and migration of EPC towards the injury site is a pre-requisite for the differentiation of progenitor cells into mature EC. Here we could demonstrate that HDL additionally changes the phenotype of cultivated early outgrowth EPC into a more mature, spindle-shaped morphology. In accordance with recent observations that the level of abundance of eNOS mRNA correlates with the fraction of spindle-shaped cells in culture \[[@b45]\], HDL treatment was associated with up-regulation of eNOS indicating the enhanced differentiation into mature EC. However, the overall eNOS mRNA and protein abundance was less in EPC even after HDL treatment compared to mature EC. Apparently, eNOS expression seems to correlate with maturational stages since Hur *et al.* recently demonstrated a higher expression of eNOS in late cobblestone-shaped EPC compared to early EPC \[[@b46]\]. These findings may be supported by the fact that HDL concentrations did not correlate with the number of CD133 positive EPC which represent a more immature cell population compared to CD34/KDR positive EPC.

To evaluate the *in vivo* relevance of our findings, we evaluated the effect of HDL on re-endothelialization after focal EC denudation of the common carotid artery. In order to prevent immunological reactions by using HDL derived from human beings, we used rHDL which has been previously evaluated in human studies. rHDL was able to influence *in vitro* EPC function in the same way than HDL derived from human beings (data not shown). rHDL increased the number of circulating Sca1/flk1 positive EPC within peripheral blood. This increase in cells was associated with a significantly enhanced re-endothelialization compared to placebo-treated animals. At present, we cannot rule out that species differences (mouse, human) and additional HDL-mediated effects on mature EC account for the observed effects. However, we and others have demonstrated in a number of studies that enhancement of EPC numbers as well as functional properties results in a significantly improved restoration of the damaged endothelium mediated by BM-derived cells \[[@b2], [@b4], [@b5], [@b15], [@b17], [@b47], [@b48]\]. Furthermore, we could demonstrate that in human beings, EPC levels but not haematopoietic progenitor cells correlate with HDL concentrations indicating that like other vasculoprotective agents, HDL is a potent mediator of EPC number and function. Beyond the function of EPC and HDL in the arterial system, Eichinger *et al.* recently demonstrated that patients with high levels of apolipoprotein A-I and HDL have a decreased risk of recurrent venous thromboembolism \[[@b49]\]. Interestingly, EPC seem to have additional anticoagulant and antifibrinolytic properties as recently demonstrated by Smadja *et al.*, indicating another potentially HDL-mediated function of EPC within the venous system \[[@b50]\].

More insights into the multiple actions of HDL on the vascular wall are urgently needed. Here we provide evidence that HDL in addition to its effects on mature ECs mediate important action *via* the improvement of function of circulating EPC.
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